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The primary goal of this study was to examine the fatigue 
characteristics of heat treated Tl-6Al-2Sn-4Zr-6Mo CTi 6246> 
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Abst>ract> 

The main objective of bhls sbudy was bo invesbi^abe bhe 
effecbs of loading hisbory and crack closure on bhe fablgue 
bhreshold properbles of heab breabed Ti-6Al-2Sn-4Zr-6Mo. The 
crack closure measuremenbs baken by a clip gage, sbradn gage 
mounbed on bhe back face CBFS>, and laser inberferomebric 
dlsplacemenb gage CIDG) were compared. Also, bhe effecbs of 
heab breablng on bhe fabigue characberisbics of Ti 6246 were 
discussed. 

Two differenb bypes of besbs were run using compacb besb 
specimens ab a besb frequency of 30 hz. The firsb bype of besb 
included holding R, bhe loading rabio, consbanb bhroughoub bhe 
besb. Two besbs of bhis bype were conducbed, bhe ASTM 
decreatsing K and varying AK besbs. Since no experimenbal daba 
for addibionallv heab breabed Ti 6246 was found, bhe ASTM 
decreasing K besbs esbablished bhe reference lines used in bhe 
remainder of bhis sbudy. Nexb, bhe effecbs of overloads on bhe 
fabigue bhreshold were examined using bhe vau'ying AK besb. 

Here, was dropped insbanbaneously afber an overload 

condibion while malnbainlng a consbanb R for bhe besb. If 
bhreshold was nob reached, bhe besb was repeabed wibh a larger 
K drop afber bhe overload bhan before. 

The second bype of besb ubllized a varying R. For bhese 


x 










cons'tant. K t.est,s, K was held constant, while K . was 
max max min 

gradually increased. Thus, a const.ant. plast^ic zone size ahead 
oT t.he crack t.ip resulted. All the tests in this study were 
run at low R values so that the effects of crack closure could 
be examined. 

The results from these tests indicated that additionally 

heat treating Ti 6246 did improve its fatigue threshold 

characteristics. Also, out of the three measurements 

techniques used, the IDO measured the highest closure loads. 

Further, with the constant K test under tensile cyclic 

max 

loading, threshold could not be reached for R less than 0.5 aus 
desired for closure studies. 

Other results Included the effects of loading history and 

closure on the fatigue threshold behavior of heat treated 

Tl 6246. The AK. . was found to be dependent on R, loading 
th 

history, and crack closure. The AK ^ . , on the other hand, 

ezz,th 

was relatively constant for the ASTM decreasing K and constant 

K tests. However, since the threshold data Z'or the varying 
max 

AK tests did not coincide with the other tests, AK . . should 

efz,th 

not be considered a material property until further research 
involving the effects of overloads is conducted. 
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The Efrect.s of Loading HisLory and Closui*e on Lhe FaLigue 
CharacLerisLics of Heat. TreaLed Ti-6Al-2Sn-4Zr-6Mo 


I. InfroducLlon 


r 


■ 


Overview 

The quest, for speed and performance during Lhe Jet. Age of 
Lhe 1950's demanded new material technology for the production 
of aircraft. Corrosion resistance, a high melting point, and, 
most importantly, a high strength-to-weight ratio have prompted 
the use of titanium alloys by the aircraft industry. Today, 
titanium alloys have been used extensively in air frames and gas 
tiirblne engines, particularly the discs and fan blades of the 
compressor unit. Since gas turbine engines are subjected to 
high cycle vibration, the fatigue crack propagation and 
threshold characteristics of titanium alloys have become 
Important. 

Despite all the research conducted thus far, an accurate 

means of predicting fatigue life has yet to be developed. A 

threshold stress Intensity range, AK. . , is currently used as 

the design parameter for high cycle fatigue. However, AK is 

highly dependent on stress ratios, loading histories, and crack 

closure. Thus, information on AK. . and the factors influencing 

th 

it is needed. 


Background 

A common tool for studying fatigue crack propagation 
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charact«erist«lcs has lone been the double-loearithmic plot ol' 
crack rate versus the stress intensity ranee. The plot 


can be broken down into three main reeions. Reeion A shown in 
Fieure 1 represents the stress intensity ranee for the fatieue 
threshold, AK . , where the crack will no loneer propaeate. At 

wll 

the other end of the plot, reeion C represents the stress 
intensity ranee for the critical crack e**o'*^b, where the 

specimen will fail immediately without any need for load 
cycline- 

The Paris-Erdoean Cl:528> equation is used to model region 
B as a straight line. The form of the equation most commonly 
used is: 


da 

— ■ GCAK>’^ 


Cl> 


where da/dN represents the crack growth rate, AK is the stress 

intensity range, and C and n are material constants which need 

to be determined. Unfortunately, this eqviation is only valid 

for region B. Also, even though it is approximated as such, 

region B is not a straight line. 

New designs are incorporating the concept of pre-existing 

flaws which could cause cracks eau?ly in the component's service 

Ufe. So, AK . has become the critical parameter when 

designing the fatigue life of a component. If service loads 

are maintained at and below those calculated from AK. . , then 

th 

the life of the component can be extended. However, AK^^ has 
been found to be dependent on various factors including stress 


ratios, loading histories, crack closure, and specimen geometry. 














The st.ress rat.io for cyclic 1'at.igue can be expressed as: 


I 


R 


min 


< 2 > 


K 

max 

where 1C . is bhe minimum sbress Intensify and K is bhe 
min ' max 

maximum sbress inbenslby of a loading cycle. Previous studies 
C2:80; 3:238; 4:49> have shown bhat. bhe dax'dN plot will shift 
to the left as R increases CPigure 2>. 

Secondly, loading histories can affect simply by 

altering the size of the plastic zone ahead of the crack tip. 
Once the crack grows beyond the damaged area created by an 
overload, the crack growth rate returns to its expected values. 
Lastly, AK. . is highly dependent on closure. Crack 

Ufl 

propagation will occur only if the stress intensity range, AK, 
is above the effective threshold range, AK as shown in 

Figure 3. The closure load is taken into account when using 
effective stress Intensity ranges, AK^^^. Any load below the 
crack opening stress intensity, does not contribute to 

crack propagation since the crack will remain closed. So, even 
under an external tensile load, the crack can be closed and 
will not propagate. 


Ob iectives 

The objective of this study is to determine the effects of 
loading histories and crack closure on the fatigue threshold 
characteristics of additionally heat treated Ti-6Al-2Sn-4Zr-6Mo 
CTi 6246). Next, this study will compare the closure loads as 


















N 


Figure 3 

I 

I 


Nomenclature for the Stress Intensity Factors 
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measured by a clip ^a^e, back face strain gage, and a laser 

interferometric displacement gage. The effects of the 

additional heat treatment on the fatigue threshold behavior 

of Ti 6246 will also be discussed. 

Two types of tests will be conducted using compact test 

specimens. The first type of test is where the load ratio is 

held constant throughout the test. Two tests fell under this 

category. First, the standard load shedding test as described 

by the ASTM was included <5;907>. Here, K is decreased 

max 

exponentially until the fatigue threshold crack growth rate 

Cda/dN < 10 m/cycle) is reached <Figure 4>. The second 

constant R test Involved instantaneously dropping the stress 

intensity range, AK, similar to the test developed by Castro 

and others <6:308-309; 7:822>. After running at a prior AK, 

K is decreased while K . is increased such that the mean 
max min 

stress intensity, is a percentage lower than the 

previous K <Figure 5). 

mean 

The second type of test used a constant K while 

max 

linearly Increasing the <6:307-308; 7:820-822>. Since 

K is held constant, R steadily increases as the test 
max 

progresses as shown in Figure 6. The load ratio at threshold 
must be below 0.5 for closure to be measured. 

These tests were selected because they provide different 
loading histories for studying the fatigue threshold. The 
closure created by these different loading histories and its 
effects on the fatigue threshold will also be examined. Since 
no previous experimental data was found for the heat treated 









T1 6246 used in this reseai'ch, the ASTM decreasing K tests will 
establish the reference lines used for the remainder of this 
study. Further, the results from these tests will be used to 
determine the effects of the additional heat treatment on the 
fatigue characteristics of Ti 6246. 
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II. Theory ~ Hlst>orv 

Presently, the Paris-Erdogaui eqiiation is the most commonly 
used tool design engineers have when considering fatigue. But, 
this equation has various limitations. The Pau'is-Erdogan 
equation models region B of Figure 1 as a straight line even 
though it is curved. Also, it does not include the fatigue 
threshold. Since a majority of designs use the ^ the 

limiting parameter, an accurate meauis of determining fatigue 
threshold becomes important. 

Factors Influencing Fatigue Threshold 

Research has shown that AK, . is not a constant material 

th 

property. Instead, is dependent on numerous factors 

including load ratio, loading history, and crack closure. 

Load Ratio <R>. Many studies have found AK. . to be 

- t.n 

dependent on R C2;80 ; 3:238 ; 4:49>. As shown in Figure 2, 
the crack propagation curve shifts to the left as R increases. 
Thus, AK . decreases with increasing R <8:125 ; 9:73>. 

Walker and Beevers <10:145> found that the crack growth 
curves almost converged at higher AK values. However, at 
stress intensities closer to AK , the crack growth rate was 
significantly dependent on R. 

Using surface-flaw specimens made of Ti 6246, Jira and 
others <11:626-629> ran several load shedding threshold tests. 

By holding R constant throughout each test, they determined 
that AK decreased with increasing R. Thus, if AK is to be 
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i 


vised as a design parameter, its dependence on R must be taken 
Into account. 

Loading History . Another important variable in 
determining ^^th ^he loading history of the specimen. 
Overloads in terms of a prior maximum stress intensity and an 
initial stress Intensity range have been used to study the 
effects of loading history. 

Ogawa and others C12:875, 877> studied the effects of 

single auid multiple overloads on AK using steel. At a 

constant R during and after the overload, they found that 

linearly increased with an increasing overload Multiple 

overloads were found to produce a larger increase in AK . than 

th 

single overloads. 

As a contrast, Doker and Marcl <:i3:190> found that AK . 

t*n 

decreased with an increasing overload K Castro and others 

* max 

<6:313 ; 7:828) had similar results. However, neither group 
maintained a constant R throughout a given test. Threshold was 
intentionally measured at R > 0.7 to avoid any closure effects 
<6:309 ; 7:823). 

Thus, it would appear that the effects of an overload on 
AK^j^ vary depending on whether R remains constant throughout 
the test or not. Similar tests need to be conducted to confirm 
this observation. 

Loading history effects on AK^. can also be exar. ined in 

tn 

terms of a gradual change in the prior AK. Castro and others 

<6:307-308 ; 7:820-822) ran several such tests using an Inconel 

617 Alloy. The K was held constant while K was 
max min 
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increased. By holding; ^max t.he plast^ic zone size 

ahead or t.he crack t.lp also remained const.ant.. In t<he first. 

t<est«, was increased gradually so t.hat. the amount of AK 

decrease was small from one Increment to the next. The 

subsequent tests used larger increases in Again, 

decreased as the constant K value increased. The AK^. also 

max th 

decreased as the amount of AK difference between incremented 

K , steps increased. In other words, the AK^. values were 
min th 

highest for a gradual increase In C6:310 ; 7:824>. 

Mall and others <14;5-6> conducted tests with constant 

K In their study, K , was either increased or decreased 

max min 

linearly for each test. The results indicated that AK^. was 

tn 

higher for tests where was decreased linearly. 

So, it is evident that loading history influences the 

values. Therefore, these effects must also be included if AK^. 

th 

is to be a fatigue design pau'ameter. 

Closure . Elber C15:231-232> was the first to consider the 
effects of fatigue crack closure under cyclic tensile loading. 

In his tests, Elber compared a zero-width saw cut, which was 
commonly used to model a fatigue crack, with an actual crack. 
Unlike the zero-width saw cut, the fatigue crack did not remain 
open throughout the zero-to-tensile loading cycle. Instead, 
the fatigue crack remained closed for a significant portion of 
the loading cycle. Since the crack must be fuUy open before 
it can propagate, the amount of load needed to overcome closure 
effects must be taken into account. 

As can be seen in Figure 7, closure can be measured using 
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a load displacement, relation. The non-linear portion of the 
plot signifies the presence of closure. Thus, the load at 
which this relation is no longer linear is the closure load. 

Presently, there are three elements which contribute to 
crack closure. The effects of plasticity, asperity, and oxides 
must be considered when studying closure. Although asperity 
and oxides keep the crack tip from closing at zero load, they 
must still be classified as closure effects when studying 
f atlgue. 

Elber stated that closure was caused by "the permanent 
tensile plastic deformation left in the wake of the propagating 
crack" C16:44>. As shown in Figure 8, the crack is surrounded 
by a plastic wake formed from previous monotonic plastic zones. 
Since the tensile deformation in the plastic wake cannot be 
supported by the surrounding elastic field at zero load, 
compressive stresses normal to the crack surfaces are 
introduced. Thus, these compressive stresses close the fatigue 
crack at zero load. The applied external load must be greater 
than the compressive stresses at the crack surfaces to initiate 
propagation. 

Another factor contributing to plasticity induced closure 
is the cyclic or reverse plastic zone <17:17>. Once unloaded, 
the compressive stresses within the monotonic plastic zone near 
the crack tip exceed the compressive yield strength of the 
material. This additional deformation occurring at the crack 
tip is referred to as reverse plaisticity. The resulting cyclic 
plastic zone is approximately one-fourth the size of the 
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Figure 8. Plastic Wake of a Fatigue Crack 
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monot^onic plas-tic zone. 

Walker and Beevers <10;140-145> int.roduced asperity, t.he 
second closure mechanism. They concluded that, fatigue crack 
closvire in commercial titanium was caused by the non-planar 
crack geometry rather than plasticity. Mode II Cln-plane 
shear> displacement during crack growth causes the mating 
surfaces to become misaligned. The crack surfaces will then 
make contact before the minimum load is reached. Aside from 
the meandering of the crack path, Sadananda C18:149-150> found 
that crack tip branching and secondary cracking also contribute 
to asperity. 

Asperity is classified as a closure effect because it 
increases the minimum load at which the crack surfaces make 
contact. Thus, the crack is “closed" at a higher load than 
would have been produced by plasticity. In any event, the 
effective range of the loading cycle required to propagate the 
crack is reduced. Banerjee C17:28> noted that asperity was 
usually observed at low crack growth rates Cda/dN < 10 
m/cycle>. 

Oxide induced closure will be the last closure mechanism 
discussed. Many studies C19:439 ; 20:310 ; 21:752 ; 12:875> have 
shown that certain materials when exposed to a corrosive 
environment will form oxidation layers on the crack surfaces. 
So, the crack surfaces will make contact at a higher load than 
the minimum load of the cycle due to the interference of these 
oxidation layers. By raising the closure load, the effective 
range of the loading cycle is reduced. Like asperity, oxide 
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induced closure occurs at. low crack ^rowt.h rat.es. 

Ddker and Pet.ers <22:278-279> looked at. t.he errect.s of a 
corrosive environment, on the fatigue threshold characteristics 
of a T1-6A1-4V alloy. When exposed to a NaCl solution, the 
titanium alloy showed the same measured in air for 

similar loading conditions. Asperity induced closiire was found 
to be the dominant closure mechanism. Thus, even in a 
corrosive environment, oxidation did not contribute to the 
crack closure measured. The dominant closure mechanism for 
Ti 6246 is expected to be asperity as well. 

Factors Influencing Closure 

Now that closure has been defined, the factors influencing 
it must be examined. Studies thus far have indicated that 
closure is primarily dependent on the load ratio and 
measurement location. Since measurement techniques will be 
discussed in the next section, only closure's dependence on R 
will be addressed here. 

Schmidt and Paris <2:84-85> were first to describe the 
closure's dependence on R. They stated that closure would be 
eliminated at high load ratios, R > 0.5. Similarly, 

Guerra-Rcsa and others <3:236> concluded that "crack closures 
can be significantly avoided if stress ratios R are very high 
<> 0.8>.*' They also found that the stress intensity for 

which the crack is closed, increased linearly with increasing 
load ratios for R < 0.8. 

On the other hand, Ddker and Bachmann <23:254, 258-259) 
found that closure was present even at high load ratios. Using 












T1-6A1'-4V in adr, t.hey det,ermlned that, at; 


R - 0.1, K - 0.44 K 

op max 

R a 0.5, K « 0.64 K 

op max 


R - 0.75, K 


op 


0.77 K 


max 


C3> 

C4) 

C5> 


where R is the load ratio, K is the stress intensity factor 

op 

at which the crack opens, and K is the maximum stress 
Intensity of a cycle. 

Thus, there is a contradiction in the literature with 

regards to closure. One possible explanation for the 

difference In the closure data at hig^h R could be the accuracy 

of the measurement device used. Ooker and Bachmann C23:252-256> 

used a direct current potential drop method with aun accuracy of 
-2 

10 mm. Clostare loads measured by this method were determined 
to be higher than those measured by either a clip gage or 
strain gage. 


Measuring Closure 

As was noted above, closure is dependent on the 
measurement technique used. Macha and others C24:213 ; 25:195> 
noted that the accuracy in determining the closure load was 
also dependent on the measurement location. The advantages and 
disadvantages of three commonly employed techniques for crack 
closure measurement methods; the clip gage, strain gage, and 
interferometric displacement gage <:IDG>, will be discussed. 

The clip gage is presently the most commonly used device 
when monitoring crack growth. However, the load displacement 
plots generated from the clip gage data are sensitive to the 








frict.lon in t.he system and mlsailsnntenL or the ^rips. Either 
of these conditions can distort the data or cause hysteresis. 
Since the closure load is determined from the load displacement 
dlaifram as previously discussed, a bad plot can lead to bad 
closure measurements. Another problem is the clip 
"distant" location relative to the crack tip. Thus, its 
closure load measurements are not very accurate C23:254 ; 

26:151 >. 

On the other hand, clip gages are convenient to use. 

Also, many automated systems use a clip gage as the controlling 
device for measuring crack lengths. Laustly, thickness averaged 
closure behavior as well as thickness averaged crack lengths 
are obtained from a clip gage. 

Strain gages mounted on the back face CBFS> of the 
specimen can be used to eliminate some of the problems 
presented by the clip gage. A BPS load displacement plot does 
not have hysteresis since the friction of the system and 
misalignment of the grips do not affect the data collected. 
However, like the clip gage, the BPS has a "distant" 
measurement location. Further, BPS yields thickness averaged 
data, as in the case of the clip gage. 

The newest of the techniques is the IDG. There ao'e 
several advantages in using the IDG. First, an IDG has very 
high accuracy, 0.01 microns when used with a helium neon laser 
C27:24>. Next, the IDG can have a gage length as short as 25 
microns <28:76>. A short gage length is adveuntageous in 
measuring displacements near the crack tip. An IDG is also a 










non-cont.act. cage which is insensit.ive t,o t^emperature. Lastly, 
since the indents used by the IDG can be placed anywhere along^ 
the crack path, the measurement location is flexible. 


[; 


■ 

Ashbaueh <25:195> showed that the Indents must be placed 
_ within 10?^ of the specimen's width C0.1W> from the crack tip 

for accurate closure measurements. Distances further than O.IW 
yielded the same closure loads as measured by the clip gage and 
BPS. So, thickness averaged data can only be acquired at 
distances greater than 0.1 V. Nevertheless, many studies 
<;25:190-191 ; 23:254 ; 26:151) indicated that the IDG was 
^ better at measuring crack closure than either the clip gage and 

BPS. 


Effective Stress Intensity Ranee 

Since been shown to be an inadequate design 

parameter for fatigue threshold, a new criterion must be 

examined. Schmidt and Paris C2:83> were first to incorporate 

as an attempt to redefine AK as a material constant. Por 

low load ratios where K , < K .: 

min — cl 

eff max cl 

where the AK „ is the effective stress intensity range, K 

eff ' ** max 

is the maximum stress intensity in a cycle, and K^^ is the 

stress intensity below which the crack is closed. Pigure 3 is 

a graphical representation of Eq <6>. 

Experimenting with a T1-6A1~4V alloy, Doker and Marci 

<13:189-190) showed that AK „ was a material constant 

ei I 

independent of the loading conditions. Their conclusions were 


C6) 
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valid for R > 0.5 where was relatively constant. For 

R < 0.5, the difficulty in accvirately determining hampered 
their results. 

Dtiker and Bachmann C23:254-2S5> worked at R ■ 0.1, 0.5, and 

0.75 on Ti-6A1“4V. For the ^iven load ratios, they plotted 

versus AK and developed the general expression 

I 

AK „ - 0.65 AK C7) 

ez 1 

where AK^^^ and AK are the same as previously designated. 

Similarly, Mall and others C14;7> found that AK „ was a 

el 1 

material property. Surface-flaw specimens made of T1 6246 were 

used for their tests. Constant K tests were conducted usine 

max ** 

either a linearly increasing or decreasing K . . These tests 

min 

allowed R to be varied throughout the test. By applying Eq <;6>, 

they consolidated the crack growth curves from both test types 

into one AK „ curve, 
el 1 

Jlra and others <11:633> also did research on surface-flaw 

specimens made of Ti 6246. A series of load shedding threshold 

tests were conducted utilizing two different specimen 

geometries. Four different Initial loads were run for R ■« 0.5, 

0.1, and -0.1. Despite the test variations, the AK „„ crack 

ef 1 

growth curve was still found to be const aunt. 

Thus, AK^^^ has been shown to be constant irregardless of 
R, loading history, or specimen geometry. This study will 
attempt to verify those results for R < 0.5 where closure 
strongly affects using compact test specimens made of 

additionally heat treated Ti 6246. 
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Heat. Treatlnc Ti-6Al-2Sn-4Zr-6Mo 

Present.ly, t.here is no inl'ormat.ion on t.he fat.isue 
t.hresholcl charact.erist.ics of adciit.ionally heat. t.reat.ecl Ti 6246. 
Chesnut.t. and ot.hers C29:341> did t.est.s on Ti 6246 at. fat.i^ue 
crack propagation rates higher than threshold. They also 
tested other titanium alloys. These alloys generally 

displayed a change in fatigue crack propagation rates upon 
being heat treated. The crack growth curve as shown in Figure 
1 shifted to the right for the heat treated specimens. Thus, 
heat treated materials exhibited a higher AK . . 

In a similar study, Rhodes and Paton C30:40“44> found that 
heat treated T1-6A1-4V had a higher fatigue crack propagation 
<FCP) resistance. They believed that the two main factors 
increasing the FGP resistance were an Increase in the volume 
fraction of the primary a phase and an increase in the 
interface phase width. They defined Interface phaise as the 
microstructurai feature occurring at the interphase boundaries 
of the a and ft phases in titanium alloys as a result of a slow 
cooling rate ad'ter being heat treated. 

By Increasing the volume fraction of the primary a, the 
strength of the ft phase would also Increase. The stronger ft 
phase would increase crack resistance by forcing the crack to 
branch along the Interfaces. Further, a wider Interface phase 
would produce secondary cracks ahead of the crack tip by 
inhibiting the transfer of slip between a and ft phases. These 
secondary cracks would absorb some of the energy required to 
propagate the fatigue crack. 










Rhodes and Pat.on <30:19'*26> also not.ed t^hat. t.he efrect.s or 
heat. t.reat.ing on POP resist.ance were more pronounced at. higher 
AK values. At. lower AK values, fracture was caused by cleavage 
through the a phase. An increase in secondary cracking and 
interface cracking at higher AK values Increased the PCP 
resistance. Thus, the separation of the crack growth curves 
between the additionally heat treated and standard specimens 
was greater at higher AK values. 

Recently, Larsen <31> stated that interface phase was no 
longer considered a contributor to the FCP resistance 
experienced by additionally heat treated Ti 6246. Interface 
phase was found to be an artifact from the polishing procedure 
used to prepare the specimens for the Transmission Electron 
Microscope CTEM>. Instead, roughness induced closure becomes 
more prominent for these specially heat treated specimens 
thereby improving the fatigue characteristics. 

One factor contributing to asperity is an Increased grain 

size. Brown and Smith C32:336> discovered that AK. . increased 

t.n 

with an increase in grain size. The photographs in Figure 9 
display the difference in the microstructure caused by the 
addltionad heat treatment of Tl 6246. As can be seen, Tl 6246 
which had an additional heat treatment h2U5 a much larger grain 
size. 

The most Important factor leading to an increase in 
roughness induced closure for the additionally heat treated 
specimens is the alignment of the ot platelets into lau'ge 
colonies. The a phase in standard Ti 6246 is divided into 








standard Heat Treatment 


Additional Heat Treatment 


Cx400> 


CX50> 


Figure 9. Microstructures of Ti 6246 Specimens 
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equiaxed part.icles and short, plat.elet,s as seen in Figure 9a. 

However, after an additional heat treatment, only long a 

platelets exist. The a platelets comprising a single grain 

grow in the sanie orientation. Thus, a propagating crack will 

either be deflected along the grain boundary or across the 

platelets of the grain. The resulting crack surface will have 

larger asperities due to the Jagged crack path. 

Larsen and others <33:905“908) have performed crack growth 

tests on surface-flaw specimens made of standard Ti 6246. The 

data from these tests was then compau'ed to trend lines for 

compact test specimens. These trend lines for compact test 

specimens were generated using data collected from several 

constant R tests. As expected, the plots for both 

specimens types correlated very well. Figure 10 contains the 

trend lines for AK at R values of 0.1 and 0.5. AK crack 

eff 

growth curves for the same R values can be found in Figure 11. 
This study will use the trend lines in Figures 10 and 11 to 
compare the fatigue characteristics of additionally heat treated 
and standard Tl 6246. 

As discussed above, the AK . . values for the Tl 6246 which 

t,h 

underwent an additional heat treatment are expected to be 

larger than those obtained from materials which has not been 

additionally heat treated. Similarly, the AK and AK crack 

ei f 

growth curves are expected to shift to the right for the 
additionally heat treated Ti 6246. This study will attempt to 
confirm these speculations as well as determine the effects of 
closure and loading history on the AK . . 
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III. Test/ Procedures 


Specimen Preparat.ion 

All t.es'ts were conducted usin^ the titanium alloy 
Tl“6Al“2Sn“4Zr-6Mo CTl 6246>. Refer to Table I for a complete 
chemical breakdown of this alloy. Titanium alloys atre used in 
aircraft adr frames and gas turbine engines. Due to the high 
cycle vibration experienced by these engines > fracture 
mechanics is the primary design criterion when predicting the 
service life of these components. 

The alloy was cast and isothermaily forged at 913°C into 
circular disks known as pancakes. Each pancake was 
approximately 500 mm in diameter and 50 mm thick. The material 
then underwent a series of heat treatments. First, it was heat 
treated at 921°C for two hours and air cooled. Next, the 
material was water quenched after being heat treated to 824'^G 
for two hours. Following eight hours at 593°C , it was air 
cooled. Most other titanium alloys are then machined to 
specifications. However, the Ti 6246 used for this study was 
additionally heat treated at 971°G for 2 1/4 hours and furnace 
cooled at a rate of 38°G/hour to improve its fatigue 
characteristics. After the material reached 593°G , it was 
removed from the furnace and allowed to air cool. To complete 
the process, the alloy was heat treated to 593°G for eight 
hours again and air cooled. The materiad has a yield strength 
of 1158 MPa and an ultimate strength of 1230 MPa. This 
titanium alloy is essentially Isentropic. 
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Table I. Chemical Composit.ion of Tl-6Al-2Sn-4Zr-6Mo 


I 


ELEMENT 

WEIGHT PERCENT 



A1 

6.33 

B 

0.01 

C 

0.02 

Cu 

0.01 

Fe 

0.12 

H 

0.0017 

Mo 

5.76 

Zr 

3.93 

N 

0.01 

0 

0.10 

SI 

0.09 

Sn 

2.07 

T1 

Remainder 

Y 

0.001 


































The material was subsequently machined into 9.6 mm thick 
compact test specimens as shown in Fi(*ure 12a. The clip gra^e 
mounts were placed at the load line in an attempt to got, more 
accurate clos\ire load measurements. In order to use the laser 
interferometric displacement gags CIDO, all specimens were 
polished down to a one micron mirror finish. 

After polishing, strain gages were mounted to the center 

of the back face of the specimens. Appendix A contains the 

specifications for the strain gages used in this study. Next, 

all specimens were Identically precracked according to ASTM 

requirements <5:905-906). A precrack 4 mm long was grown at a 

constant R • 0.1 and initial • 12 MPaVm. The precracking 

was completed when the fatigue threshold <da/dN < 10 

m/cycle) was reached. Thus, the final from precracking 

was always kept lower than the initial K for the subsequent 

max 

tests as prescribed by the ASTM <5:906>. So, the effects of 
precracking and its plastic zone are negligible. 

As a final preparation before testing, microhardness 
indents were placed at the crack tip. As shown in Figure 12b, 
the pyramidally shaped indents were placed on opposite sides of 
the crack so they could produce the proper interference fringe 
patterns required by the IDG. The size and orientation of the 
Indents determine the quality and quantity of fringe patterns 
produced. For this study, the best fringe patterns were 
produced by Indents 33 microns wide and 100 microns apart. On 
the average, the indents were positioned 50 microns behind the 


crack tip. 









7 mm -^ 







a. Compact Test Specimen with Clip Gage Mounts at Load Line 




b. Microhardness Indents for IDG 



Figure 12. Compact Test Specimen and IDG Indents 
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Test. Setup 

The tests for this study were conducted on an MTS machine 
at room temperature <23^0 in laboratory air at a test 
frequency of 30 hz. The testing; system was fvilly automated and 
controlled by an IBM AT computer. Three measurement 
techniques; clip eatge, back face strain ^a^e CBFS>> and IDO, 
were interfaced to the computer through an analog to digital 
board. 

Inputs from the load cell and clip gage are used by the 
computer to control the tests. The compliance for determining 
the crack length is calculated using the slope of the linear 
portion of the load displacement diagram shown in Figure 7. 

Saxena and Hudak <34:459> developed the equations used for 
computing the crack lengths in CT specimens with measurements 
taken from the displacement measured at the load line as; 

^ 2 3 

— - 1,002 - 4.0632CU > + 11.242CU > - 106.04CU > 

., X X X 

W 

+ 464.33<U - 650.68CU C8> 

X X 


with 


U 

X 


1 


r BEV 
p 


1/2 


+ 1 


C9) 


where a is the crack length, W is the specimen width, B is the 
specimen thickness, E is Young's Modulus, P is the load, and V 
is the displacement measured by the clip gage. The a/W values 
predicted from Eq <8> fall within ± 0.0005 of the actual 
values. 


( 
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Present.ly> bot.h t.he IDO and BPS are used for det.ermining 
bhe closure load. According t.o Hart^man and Nicholas C27:25>, 
the IDO system used for this study has an accuracy of 0.01 
microns when used with a helium neon laser. The IDO setup is 
illustrated in Figure 13. This accuracy is achieved by using 
two linear detector chips to record the motion of the fringe 
patterns produced by the microhardness indents on the specimen 
surface. The linear-array detector chips consist of 1024 
detector elements spaced 13 microns apart adong its 13.3 mm 
axis. By sequentially scanning the detectors, the fringe 
patterns are digitized into voltage versus time sweeps 
representing the light intensity across each array. The 
relative displacement of the indents and respective loads are 
stored in the computer along with the other data from the clip 
gage and BPS. 

Test Plan 

To analyze the effects of loading history and crack 
closure on the fatigue threshold of additionally heat treated 
T1 6246, two different types of tests were run. The constant R 
tests included the ASTM decreasing K test and the vaa*ying AK 
test. The second type of test, constant K test, did not 
maintain a constant R throughout the test. A summary of all 
the tests conducted in this study is given in Table II. 

ASTM Decreasing K Test . The ASTM decreasing K test is a 
load shedding test used to determine the Cda/dN < 10 

mx'cycle) and reference crack growth curves for a specified 











loadini; condit.ion CFlgiire 3>. As out^lined in the ASTM <5;907>, 

R is held constant while K is exponentially decreased 

max 

according to the following equation: 

K - K exp CGCa-a >1 C10> 

o o 

where K is the initial stress intensity, a is the initial 
o o 

crack length, a is the final crack length, and C is the 

normalized K-gradient €-0.08/mm>. 

Since no data was available on this material, two 

decreasing K tests were run to set reference crack growth 

curves for the rest of the tests. As indicated in Table II, 

one test was started at K *12 MPaVm at R ■ 0.1. The 

max 

second test had the initial conditions of R ■> 0.5 and K * 5 

max 

MPaVm. 

Varying AK Test, The second test with a constant R was 

the varying AK test as shown in Figure 5. This test is similar 

to the one conducted by Castro and others C6:308-309 ; 7;822> 

with the exception of holding R constant. After running at an 

Initial constant AK at a given stress ratio, K is decreased 

o ® maoc 

and Is increased instantaneously while still maintaining 

the same stress ratio. The resulting AK^ is held constant 

until the data Indicates whether threshold has been reached. 

If not, the sp&cimen is loaded to the initiad AK^. Then, the 

AK is dropped such that ^^2 ^ AK^. This testing procedure is 

repeated until AK^j^ is encountered. 

Table II contains the details of the four tests run to 

study the effects of loading histories on AK^^^. At R ■ 0.1, 

the first two tests were started at K ■ 10 and 20 MPayPn. 

max 
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Table II. Summar'y of Tesb Plan 


SPECIMEN 

TEST TYPE 

INITIAL 

CONDITIONS 

FINAL 

CONDITIONS 

REMARKS 






84-337 

ASTM Deer 

K Test. 

RaO.l 

Kmcu<*12 MPai^n 

R-0.1 

Kmax—6.4 MPaV^n 

Fig. 4 

84-338 

Const. Kmeuc 
Incr Kmin 

RaO.l 

Kmax"? MPaVm 

R-0.54 

Kmout-7 MPaVm 

Fig. 6 

84-339 

Const. Kmax 
Incr Kmin 

R-0.1 

Kmax“6.S MPaT^n 

R-0.56 

Kmax— 6.5 MPaVm 

84-340 

Varying 

AK Test, 

R-0.1 

Kmax“10 MPaVm 

R-0.1 

Kmax— 6.3 MPaVm 

Fig. 5 

Varying 

AK Test. 

R-0.1 

Kmax-20 MPatVm 

R-0.1 

Kmax— 6.3 MPaVm 

84-341 

Varying 

AK Test. 

R-0.5 

Kmax>ilO MPaVln 

R-0.5 

Kmax-7.4 MPaVm 

Fig. 5 

Varying 

AK Test. 

R«0.5 

KTnaxe20 MPai^n 

R-0.5 

Kmax— 10.6 MPaVm 

84-342 

ASTM Deer 

K Test. 

R-0.5 

K»nou<-25 MPaVin 

R-0.5 

Kmax— 5.6 MPaVm 

Fig. 4 

ASTM Pmox 
Test 

R-0.5 

Pniax-0.33 KN 

R-0.5 

Kmax— 8.7 MPaVm 
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Thus, was equal t.o 9 and 18 MPav^, respectively. The last 

two tests were conducted at the same K values as before but 

max 

at R ■> 0.5. The resulting these tests were 5 and 10 

MPai^. Thus, each test will yield two AK values, one 
sienlfyln^; crack growth and the other representing no crack 
growth. The difference between subsequent drops CAK - AK > 

A A 

used to differentiate between crack growth and no growth was 

set arbitrarily equal to 0.2 MPaVm. 

Constant Kmax Test. The final test type included in this 

study was the constant K test. For this test, K was held 

max max 

constant while K . was linearly increased. So, K , was 

min ^ ’ min 

gradually Increased until threshold crack growth was obtained 

<Figvire 6>. In order to study the effects of closure, the 

final load ratio at threshold should be less than 0.5. Castro 

and others C6:307-'308 ; 7:820*-822> ran the same tests but at 

higher R values <> 0.5>. In doing so, they did not have to 

account for closure in their work. 

In an attempt to keep the final load ratios small K.< 0.S>, 

two tests were run at low K values of 7 and 6.5 MPayrn. As 

max 

shown in Table II, both tests were initiated at R ■ 0.1. 


Data Reduction 

The analysis of the data Included determining the closure 
loads and calculating crack growth rates. As previously 
mentioned, the crack closure for a loading cycle was determined 
using a load displacement diagram as shown in Figure 7. 
Basically, the closure load represents the value for which the 
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load displacement, curve is no longer linear. The st.andard 
deviat.ion met.hod of determining closure was used in this study. 

First, a straight line is fit to the linear portion of the 
curve. The closure load is then computed as the point where 
the data is two or more standard deviations away from the 
linearly fit line. 

ASTM <5:919-925> recommends reducing the crack growth data 
using an incremental polynomial method. The procedure involves 
fitting a second order polynomial to a subset of data points, 
visually seven, where the crack extension, Aa^^^, is greater 
than ten times the measurement precision. The values for da/dN 
and AK are calculated for the midpoint of this subset using the 
polynomial fit. The procedure is repeated for successive data 
subsets by including the next point and dropping the first. 

However, when studying short crack lengths and near 
threshold crack propagation rates, many data points are 
collected with very little crack extension. So, d.3ta from 
these studies could not be reduced accurately using ASTM's 
procedvire. Thus, Larsen C36:238-241> developed a modified 

procedure to accommodate for small crack lengths and near ■ 

threshold crack propagation rates. His modified incremental 
method fits a second order polynomial to all the data falling 

( 

within either a prescribed Aa which is still ten times the 

reg 

measurement precision or a user defined number of points per 
subset. If the Aa generated from the user defined subset is 

( 

not greater than Aa^^^, the program will increase the number of 

points in the subset until Aa > Aa Then, the next da/dN 

reg 
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IV. Res\iit>s and Discussions 


The fat.ig;ue threshold behavior of additionally heat 

treated Ti 6246 will be discussed using the results of the 

tests conducted in this study. First, the ASTM decreasing K 

tests will establish the reference lines for the remaining 

tests in this study since no such data for this particular 

alloy is presently available. The effect of heat treatment on 

the fatigue properties will also be discussed. Both the 

varying AK and the constant K tests will be used to 

determine how the crack closure and loading history might 

affect the fatigue threshold characteristics of Ti 6246. The 

effectiveness of the three measurement techniques; clip gage, 

BFS, and lOQ, will also be discussed. 

All the specimens used in this study were precracked at 

R ■ 0.1 with a K *12 MPaVm until the fatigue threshold 
max 

Cda/dN < 10 m/cycle) was reached. In accordance with ASTM 

guidelines, the final from precracking was always kept 

lower than the initial K of the subsequent tests C5:906>. 

max 

By following this procedure, the effects of precracking and its 
plastic zone were eliminated. 

Once a test was running, the IDG indents were kept within 
3 mm of the crack tip. Thus, for every 3 mm of crack growth, a 
new set of indents was placed on the specimen surface 
approximately 50 microns behind the crack tip. 











Comparison of Measurement. Techniques 

As discussed previously, t.hree different ga^es were used 

to measure the crack closure from the recorded load auid 

displacement data. The closure stress intensity, was then 

computed from the measured closure loads. The was 

calculated using this in Eq <6>. So, if was large, the 

corresponding would be small. 

Figure 14 shows the crack curves for the ASTM 

decreasing K test at R « 0.1 from the data obtained by the IDO 

and clip gage. Unfortunately, the strain gage amplifier was 

not delivered in time to get BFS data for this particular test. 

As can be seen in Figure 14, the IDG measured consistently 

smaller values of AK , than the clip gage throughout the test. 

62 I 

Looking at Table HI, the IDG measured the AK -w o** 3.29 
MPaVm as compared to 3.65 MPaVin for the clip gage. Clearly, 
the IDG provided the lowest AK^^^ and thus the highest closure 
loads than the clip gage. 


To complete the comparison. Figure 15 includes the AK 

61 I 

crack curves from adl three measurement techniques for the 

constant K *7 MPaVm test. Again, the smallest AK was 

computed using the IDG data. For the constant K^^^ test, the 

fatigue threshold Cda/dN < 10 mx'cycle> was reached for 

R > 0.5. So, very little or no closure was expected. As can 

be seen in Table III, both the clip gage and BFS measured no 

closure since AK. . ■ AK . « 3.50 MPaym. However, the IDG 

th efl ,th 

indicated that a small amount of closure was present since 
AK “ 3.22 MPaVm. Thus, the IDG measured the highest 
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III. Threshold Oat.a Tor the ASTM Decreasing K , Constant 

P and Gons'tant. K Test.s 
max max 


Test 

^4 w <MPaVln> 
t»n 

^ CMPaVm) 

ax 2 

\h 

CUp 

BPS 

IDO 


1 




ASTM Dec K 
RwO.l 

5.89 

3.65 

NXA 

3.29 

0.1 

ASTM Dec K 
RaO.5 

2.86 

2.72 

2.86 

2.72 

0.5 

Const Pmax 
R»0.5 

2.86 

2.70 

2.86 

2.65 

0.5 

Const Kmox 

7 MPaVin 

1 3.50 

3.50 

3.50 

3.22 

0.5 

Const Kmox 
6.5 MPaVm 

3.25 

3.25 

N/A 

3.18 

0.5 


Notes; 

1. The R values represent the loads ratio at threshold. 

vll 

2. The constant Pmax test was a continuation of the ASTM 

decreasing K test at R • 0.5. Thus, the constant Pmax 
test is not a threshold test since it establishes 
crack growth after threshold has been reached. 





















































i 

closure loads of t»he t^hree t.echnlques used in t.his sbudy. 

^ A similar t.rend for closure load meausurement.s can be seen 

in the crack curves plotted for the obher bests in 

Appendix B. The actual closure loads measured are displayed in 
the load histories contained in Appendix C. Since the IDG was 
still able to measure closure at the hi^rl^er load ratios, the 
data discussed in the remainder of this study will be 
based on the IDO data. 

ASTM Decreasing K Tests 

The test control of the load shedding rate and data 

collection for the ASTM decreasing K tests (Figure 4> was fuliy 

automated. Data was recorded at intervals of Aa ■ 0.025 mm. 

By using the most recent fifteen data points, the control 

program calculated the current crack growth rate. Knowing the 

day^dN and the cycling frequency of 30 hz, the time needed to 

get the desired crack extension was then computed. 

The ASTM decreasing K tests were run on specimens 84-337 and 

84-342 for R ■ 0.1 and 0.5, respectively. The measured crack 

length histories and computed crack growth rates as a function 

of cycles for these tests are included in Appendices D and E. 

Since there was little or no closure measured throughout the 

test, the AK waus approximately equal to the AK^^.^. for the ASTM 

decreasing K test at R ■ 0.5. This result caai be verified by 

looking at the load history in Appendix C. So, only the 

crack growth relation wats plotted in Figure 16 for R » 0.5. 

Both the AK and AK „ curves are shown for R ■ 0.1 since the 

eff 
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Figure 16. Crack Growth Curves for the ASTM 
Decreasing K Tests 










closure measured Tor t.hat. test, was slg^nifleant. As can be seen 

in Figure 16, the AK crack growth relations were highly 

dependent on R. The curves shifted to the left as the load 

ratio increased. Similarly, from Table III, the AK, . varied 

from 5.89 to 2.86 MPaVm for R ■ 0.1 and 0.5, respectively. 

However, the AK^^^ curves for both tests had approximately the 

same with AK “ 3.29 MPaVm for R • 0.1 and 2.72 MPai^ for 

R ■ 0.5 when taking the data at da/dN ■ 10 m/cycle. To 

ensure that the threshold was reached, the tests were allowed 

to run to lower crack growth rates than the threshold condition 

as shown in Figure 16. So, by taking closure into account with 

AK^j.^, the R dependence of the data was eliminated. For the 

ASTM decreasing K test at R ■ 0.1, IDG data was not taken until 

-9 

after dax'dN < 5x10 m/cycle. Thus, the crack curve 

which was computed using the closure loads meaisured by the IDG 

started at a lower crack growth rate than the AK crack curve 

for R • 0,1 as shown in Figure 16. 

After the ASTM decreasing K test was completed, a constant 

P test at R ■ 0.5 was run on specimen 84-342 to ensure the 

threshold data collected was correct. In Figure 17, the 

crack growth curve for the constant P test was about the 

max 

same as the curve for the ASTM decreasing K test, especially at 

threshold. The AK . values of 2.65 and 2.72 MPaVm shown 

er X ,th 

in Table III for the constant P test and the ASTM decreasing 

max 

K test, respectively, only varied 2.6%. Thus, these results 
verify the accuracy and repeatability of the data using the 
test setup and testing procedures in this study. 
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Figure 17. AKeff Crack Growth Curves for the ASTM 
Decreasing K and Constant P^ax Tests 
for the IDG at R=0.5 












Now t«hat< t.he t.rend lines for t.he heat. t.reat.ed Ti 6246 have 


been est.ablished, a comparison wibh t.he fat.lg;ue behavior of a 
similar alloy bhat. did not. undergo t.he additional heat, 
treatment, can be discussed. As expected, the additional heat 
treatment improved the fatigue characteristics of Tl 6246 as 
shown in Figures 18 and 19. The AK crack growth relations 
shifted to the right as a result of the heat treatment. The 
AK. . increased from 3.39 to 6.08 MPaVm at R • 0.1. Further, 

vrl 

at R ■ 0.5, the AK. . Increased from 2.30 to 2.86 MPaVm due to 

t#n 

the heat treatment. By looking at Figure 19, it was apparent 

that the additional heat treatment also increased the amount of 

closure present since the change in was more dramatic for 

the heat treated Ti 6246. Also, for higher AK^^^ values, the 

effects of heat treatment were negligible. However, at 

threshold, the AK . increased from 2.58 to 3.29 MPaT^ at 

ei I ,t.n 

R ■ 0.1 for the heat treated alloy. Similarly, at R « 0.5, the 

AK . increased from 2.30 to 2.72 MPaVm. 
eff,th 

Varying AK Tests 

The second set of constant R tests, the varying AK tests 

CFlgure 5>, were conducted on specimens 84-340 and 84-341. Two 

tests with K _ • 10 and 20 MPaVm were run on each specimen at 
maxO 

two load ratios. To prevent any effects of a larger previous 

overload, the tests with K _ ■ 10 MPaVm were run first on 

maxO 

both specimens. 

To establish the crack growth rate for a particular AK, 
twenty data points were taken at intervals of Aa ■ 0.025 mm. 
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Once t.went>y or more dat^a point.s were collect.ed, t.he subsequent, 
load drop was manually entered since bhese t.est.s were not. Tuily 
automated. 

For comparison purposes> the amount of closure present 
during a loading cycle was calculated using the following 
equation: 


96K 


cl 


AK 


AK 


eff 


AK 


X lOOX 


Cll) 


where K^^ is the closure stress intensity, AK is the stress 
intensity range, and is the effective stress intensity 

range. By using Eq Cll>, the closure load can be represented 
as a percentage of the applied load range. 

The first varying AK test run was at R ■ 0.1 and 10 MPaVm 

overload. To minimize the number of AK drops required to 

complete the test, the AK . . from the ASTM decreasing K 

eii,th 

test was estimated to be the threshold for this test. So, a 
total of three drops were needed to determine the threshold 
range. The threshold range shown in Table IV sets the upper 
limit of the AK where crack growth was still detected and the 
lower limit of no growth. By comparing the growth and no 
growth conditions, the closure load remained constant at about 
60% of the applied load range. However, for the ASTM 
decreasing K test at R * 0.1, the closure load was only 44% of 
the load range at threshold. So, the overload condition 
Increased the amount of closure present when compared to a 


54 










Table IV. Results from the Varying AK Tests 



Orowth 

J 

No Orowth 

AK 

AK»ff 

AK 

AK«ff 





R ■ 0.1 

KmoxO^lO 

Clip 


5.85 

3.71 

5.66 

3.15 

BPS 

4.42 

4.32 

IDO 

2.29 

2.26 







R ■ 0.1 

KTnaxOi>20 

GUp 

5.86 

2.35 

5.63 

2.34 

BPS 

3.06 

3.02 

IDO 

2.22 

_ 

2.11 



R - 0.5 

KmaxO^lO 

Clip 

n 

3.88 

3.93 


3.68 

3.76 

BPS 

3.96 

3.75 

IDO 

3.66 

2.94 







R - 0.5 

KmaxO*20 

Clip 

5.43 

5.35 

5.26 

3.49 

BFS 

5.40 

3.73 

IDO 

4.13 

2.74 
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B 


loading hist.ory wit.h a gradual change as was t.he case Tor the 
ASTM decreasing K test. 

For ■ 20 MPaVin at R * 0.1, the threshold range was 

reached within the first two AK drops. Again, looking at Table 
IV, the closure load represented 623i of the applied load range. 
Thus, doubling the overload only slightly increased the closure 
present. 

As shown in Table IV, the varying AK tests at R b q.I had 
approximately the same AK and s*- the growth and no growth 

for both overload conditions. Therefore, the overload 
conditions at this low load ratio did not have much effect on 
the threshold data. 

Specimen 84-341 was used to run the same AK tests at 
R ■ 0.5. Again, only two AK drops were needed to get the 
threshold range for K^^^ ■ 10 MPa")^. But, the no growth 
condition was found in the first drop instead of the laist. 

Since the AK overload should eliminate any previous load 
histories up to that point, the order in which growth and no 
growth is established for the threshold range should not 
matter. 

For R *■ 0.5, no significant closure measurements were 

expected. However, as shown in Figure 20, after the overload 

was applied there was a significant amount of closure present. 

From Table IV, the closure load for the growth and no growth 

conditions was 6% and 20% of the applied load range, 

respectively. Although the change in AK between growth and no 

growth was only 0.2 MPa'/m, the change in AK „ . was 0.72 MPaym 

eft 
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due t.o t^he Int.roduc'tion of higher closure load for the no 


growth condition. 

A similar trend was seen for the test at R ■ 0.5 and 
l^mavn “ MPaVm as shown in Figure 21. For the growth 
condition, the closure load represented 20% of the applied load 
range. The amount of closure present increased to 48% of the 
applied range for the no growth condition after the overload of 
20 MPaVin. Unlike the varying AK tests at R «■ 0.1, the amovint 
of closure present after the overload Increased dramatically 
when increasing the from 10 to 20 MPaVln for R » 0.5 . 

Also, for R ■ 0.5, increasing the overload increased the AK at 
which growth was established from 3.88 to 5.43 MPaVm . Similar 
results were found for the no growth condition with AK 
incr 02 isine from 3.68 to 5.26 MPaVm. Like the test with 
K ^ • 10 MPaVm, the change In AK between growth and no 
growth was 1.39 MPaVm even though the change in AK was only 0.2 
MPaVm. 

According to the data presented in Table IV, the restxlts 

of these tests confirmed the work done by Ogawa and others 

<12:875, 877>. Their study concluded that the AK, . increased 

th 

with an increasing overload if R was held constant throughout 
the test. However, other researchers <13:190 ; 6:313 ; 7:828> 
found that decreased for an increasing overload when R was 

not held constant. Thus, the AK^^ produced from overloading 
the material was also dependent on whether R was held constant 
throughout the test or not. 
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Specimen 84—34-1 



= 10 MPa*m**.5 


















4.00 








Coragt>ant> Kmax Testes 

Th© second t.ype of t.est. involved holding *^inax 
while R was allowed t.o vary. The control of the constant K 
tests was fully automated. Data was collected following the 
same procedure outlined for the ASTM decreasing K tests. 

The AK „ crack growth relations are shown in Figure 15 

0x1 

and Appendix B for the constant K « 7 and 6.5 MPai^ tests, 
respectively. The load histories for both tests are contadned 
in Appendix G. 

Both tests began at R ■ 0.1 with low K values in an 

attempt to reach threshold below R ■ 0.5 so that the closure 

effects could be examined. Figure 22 contains the AK crack 

growth curves for the constant K ■ 6.5 and 7 MPai^ tests 

along with the reference lines generated by the ASTM decreasing 

K tests at R > 0.1 and 0.5. As can be seen in the diagram, 

both constant K tests began on the R ■ 0.1 curve amd ended 
max 

at or just beyond the R * 0.5 curve. Since K is held 
^ max 

constant, as K , is linearly increased, the load ratio will 
min 

also increase linearly. Thus, the fatigue threshold for both 

constant K tests was reached at R « 0.5. 
max 

The constant K “7 MPaVin test was run on specimen 
max 

84-338. The initial AK of 6.3 MPaVm was close to the AK. . of 

t.n 

6.08 MPaVm obtained by the ASTM decreasing K test at R ■ 0.1, 

the crack length history in Figure 23 graphically depicts a 

total crack extension of 2.15 mm. A da/dN of approximately 

5x10 m/cycle can be seen in Figure 24 as threshold was 

reached. If K is held constatfit, the corresponding AK was 
max ® el f 
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Figure 22. AK Crack Growth Curves 
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Figure 23. Crack Length History for the Constant 
i^max Test 
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Figure 24. Crack Growth Rates for the Constant 
Kmai£==7 MPa*m**.5 Test 



ant,lcipat.ed t.o be relatively constant for small variations in R 
since the closure load was also expected to be constant. So, 
the resulting da/dN should have been constant until 
or R ^ 0.5. However, Figure 24 illvistrates a gradual decrease 
in da/dN with increasing R. So, it is evident that the closure 
load was not constant at lower R values for a constant K 

max 

As 2 dready noted, the R at threshold for specimen 84-338 

was equal to 0.5. In an attempt to find threshold at a lower 

R, a second test was run with K ■ 6.5 MPa-Zm using specimen 

84-339. Unfortunately, the fatigue threshold was again reached 

at R ■ 0.5. Thus, for tensile cyclic loading using Ti 6246, it 

was not possible to reach threshold at R < 0.5 for the constant 

K tests, 
max 

As shown in Table III, the AK. . decreased from 3.45 to 

th 

3.25 MPaVm for the constant K « 7 and 6.5 MPa-Zm, 

max 

respectively. The on the other haund, remained 

relatively constant for both tests only varying 1.2%. Thus, 

AK.. was sensitive to the load history while AK „ , . was not. 
th efl ,th 

Closure 

Dbker and Bachmann <23:254, 258-259> stated that closure 
was present up to R ■ 0.75. In Eqs C3> and C4> discussed 
earlier, they proposed that K was linearly related to K 

CJl 

Knowing that K ,/K is the same as P ./P , the values of 

cl max cl max 

P^^ were plotted against in Figure 25. Since the 

equations were limited to constant R, only the ASTM decreasing 
K and varying AK tests were considered for this comparison. 
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Also, Doker and Bachmann C23:258> concluded t^hat. t,he BPS and 

clip ga^e were lnadequat.e for measuring closure accurately. 

So, the closure as measured by the IDO was plotted against 

their equations. Figure 25 illustrates that the closLire 

measurements collected in this study were not linearly related 

to K The K , in this study was also found to be dependent 

max cl 

on the loading history. 

Dbker and Bachmann C23:254-255> presented Eq C7> in the 
same paper. Again, they proposed that was linearly 

dependent on AK for constant R tests. Figure 26 contains the 
results of the tests conducted in this study as compared to 
the theoretical relationship. As before, the AK^^^ data 
collected in this study did not follow the linear relationship 
represented by Eq €7). 

Effective Stress Intensity Threshold 

Previous studies C14;7 ; 11;633> concluded that AK . 

erf,th 

could be considered a material property independent of R, 

loading history, and specimen geometry for standard Ti 6246. 

So, the AK values for the ASTM decreasing K amd constant 

ei I ,th 

K tests conducted in this study are compared in Figure 27. 
max 

First, the AK was found to be dependent on R and loading 

history. As R increased in the ASTM decreasing K tests, the 

AK. . decreased dramatlcaJJy from 5.89 to 2.86 HPaVm. Also, by 
tn 

decreasing the K^^^ in the loading history for the constant 

K tests, the AK, . wais found to decrease. However, the 
max th 

AK . data was relatively constant. A mean AK . of 
eff,th efi,th 
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Figure 26. Comparison of AKeff=0.65(AK) with 
Test Results 
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Specimens: 

A = 84-337, ASTM Dec K. R=0.1 
B = 84-342, ASTM Dec K, R=0.5 
C = 84-339, Const Kmoji=7 MPa*m**.5 
D = 84—342, Const K,„a»=6.5 MPa*m**.5 


Figure 27. Threshold Stress Intensities for the ASTM 
Decreasing K and Constant K^ax Tests 










3.14 MPai^n for t.hese four t.est.s was plot,t.ed as the straight 

line in Figure 27. The largest deviation from the mean 

...X. L was the ASTM decreasing K test which varied 8.9%. The 
eff ,th 

other three tests, on the other hand, deviated less than 5% 

from the mean AK „ . . . 

eff,th 

Figure 28 shows the threshold data for the varying AiC 

tests. The large difference for the growth amid no growth 

conditions for the tests run at R ■ 0.5 was due to the amount 

of closure present akfter the overload avs disciassed earlier. 

For the R ■ 0.1 tests, the AK and AK data remained 

eff 

relatively constant. But, for the R » 0.5 tests, AK increased 

with an increased overload. The change in between the 

growth and no growth conditions increatsed from 0.72 to 1.39 

MPaVm ats the overload increased for R ■ 0.5. The meam AK . 

ei r,th 

from the ASTM decreasing K amd constamt K tests is also 

•* max 

shown in Figure 28. Using this reference line, it is clear 

that AK . did not remadn constaait for the vamylng AK tests. 
eff,th 

Actually, the AK . varied as much sts 30% from the mean 

The madn difference between these tests wais the 

overloads used in the vatrying AK tests. Both the ASTM 

decreasing K and constant K^^^ tests involved gradual changes 

in AK. Thus, AK . can not be considered a material 
err,th 

property since it was not constant for different loading 

histories. Further, the AK was found to be sensitive to 

eff,th 

overload conditions. 
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Specimens; 

E = 84—340, Varying AK, R=0.1, Kma)c=10 MPa*m**.5 

F = 84-340, Varying AK, R=0.1, K„^=20 MPa*m«.5 

G = 84-341, Varying AK, R=0.5, K„«.= 10 MPa*m**.5 

H = 84-341, Varying AK, R=0.5, Kmoi<=20 MPa*m**.5 


Figure 28. Threshold Stress Intensities for the 
Varying AK Tests 









Conclusions 

This st.udy was conduct^ed t.o det^ermlne t.he el'f’ect.s of crack 
closure and loading history on heat treated Ti 6246. Three 
measurement techniques; clip gage> BPS, and IDO, were used to 
record the closure loads. A comparison of heat treated and 
standard Ti 6246 was also dlscvissed. 

To accomplish the objectives, two types of tests were 
used. Maintaining R constant throughout the test wais the first 
test type. The ASTM decreasing K test wais used to establish 
reference lines for the remainder of the study since no 
experimental data was available for this alloy. The second 
test holding R constant was the varying AK test where the 
effects of overloads were examined. The last test type 
involved varying R. A constant test with a gradually 

Increasing was the only test run under this category. 

Based on the results, the following conclusions were made; 

1. Out of the three measurement techniques used, the IDG 
yielded the highest closure loads. 

2. Heat treating Ti 6246 at 971°G for 2 1/4 hours and 
furnace cooling at a rate of 38°G/hour improved its fatigue 
characteristics. 

3. Applying tensile cyclic loading only, threshold could 

not be reached at R < 0.5 for the constant K test using this 

mao< 

heat treated Ti 6246. 

4. The AK decreased for an increatslng load ratio, R. 

s#ri 












5. For t.est.ins wi'th overload condit>ions, increased 

wlt.h an increasing *^inax was held const.ant, t-hroughout. t,he 

t^est.. 

6. The was dependent, on R and loading hist.ory. For 
the varying AK tests, increased with an increasing 
overload. 

7. was approximately constant for the ASTM 

decreasing K and constant tests. However, the varying AK 

tests yielded different effective stress intensity thresholds. 

Thus, AK ^. was found to be sensitive to overloads and 
eff,th 

should not be considered a materiad property until more 
research involving overload effects is conducted. 
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VI. Recommendat.ions 


Since t.he IDG was found t.o be more accurate at. measuring 

bhe closure loads, it. is recommended bhat. t.he program used to 

control the testing should employ the IDO data collected rather 

the clip gage's data. So, the compliance equations for 

calculating the crack length need to be changed to use the 

crack opening displacements measured by the IDG. Lastly, 

varying AK tests for several R values need to be conducted to 

establish how AK ^. is related to overloads. 

eff ,th 








Testing. ASTM STP 536 . 79-94. Philadelphia: American 

Societ^y for Test.in$ and Matterials, 1973. 

Ouerra-Rosa> L. and ot.hers. “Influence of Plastic Zone 
Size on Clostire Phenomenon at. Fat^igue Thresholds in 
Steels," Fatigue 84 . 231-239. Warley, United Kingdom: 

Engineering Materials Advisory Services LTD., 1984. 

Doker, H. and others. "A Comparison of Different Methods 
of Determination of the Threshold for Fatigue Crack 
Propagation," Fatigue Thresholds: Fundamerit.al.<g and 
Engineering Applications . 45-57. Warley, United Kingdom: 
Engineering Materials Advisory Services LTD., 1982. 

Annual Book of ASTM Standards. E647-86a . 899-926. 

Philadelphia: American Society for Testing and Materials, 
1986. 

Castro, D. E. and others. "A Generalized Concept of a 
Fatigue Crack," Fatigue of Engineering Materials and 
Structures. 10: 305-314 <1987>. 

Castro, D. E. and others. "Threshold and Nonpropagation of 
Fatigue Cracks Under Service Loading," Fracture Mechanics: 
Nineteenth Symposium. .ASTM STP 969 . 818-829. 

Philadelphia: American Society for Testing and Materials, 
1988. 

Radon, J. C. "Fatigue Crack Growth in the Threshold 
Region," Fatigue Thresholds: Fundamentals and Engineering 
Applications . 113-132. Warley, United Kingdom: 

Engineering Materials Advisory Services LTD., 1982. 

Cadman, A. J. and others. "Effect of Test Technique on the 
Fatigue Threshold AKth," Fatigue Thresholds: Fundamentals 
and Engineering Applications . 59-75. Warley, United 
Kingdom: Engineering Materials Advisory Services LTD., 

1982. 

Walker, N. and Beevers, C. J. "A Fatigue Crack Closure 
Mechanism in Titanium," Fatigue of Engineering Materials 
and Structures. 1: 135-148 <1979). 















11 . 


Jira, J. R. and ot.hers. "Effect-s Of Closure on Fatigue 
Crack Growth of Small Surface Cracks in a High Strength 
Titanium Alloy,” Mechanics of Fatigue Crack Closure. ASTM 
STP 982 . 617-635. Philadelphia: American Society for 

Testing auid Materials, 1988. 

12. Ogawa, T. and others. “The Effects of Loading History on 

Fatigue Crack Growth Threshold," Fatigue 87 . 869-878. 

Warley, United Kingdom: Engineering Materials Advisory 
Services LTD., 1987. 

13. Ooker, H. and Marci, G. “Threshold Range and Opening 
Stress Intensity Factor in Fatigue,” International .Tournal 
of Fatigue. 5: 187-191 COctober 1983>. 

14. Mall, S. and others. “A Comparison of Different Test 
Techniques on Fatigue Threshold Behavior of Surface Flaws 
in a Titanium Alloy,” to be presented at the Seventh 
International Conference in Fracture, Houston, April 1989. 

15. Elber, W. "The Significance of Fatigue Crack Closure," 
Damage Tolerance in Aircraft Structures. ASTM STP 486 . 
230-242. Philadelphia: American Society for Testing and 
Materials, 1971. 

16. Elber, W. "Fatigue Crack Closure Under Cyclic Tension," 
Engineering Fracture Mechanics.. 2: 37-45 <1970>. 

17. Banerjee, S. A Review of Crack Closure. August 1983 - 

December 1983. AFWAL-TR-84-4031. Dayton OH: University 

of Dayton, April 1984. 

18. Sadananda, K. "Factors Governing Near-Threshold Fatigue 

Crack Growth," Fatigue 84 . 543-553. Warley, United 

Kingdom: Engineering Materials Advisory Services LTD., 

1984. 

19. Kwon, J. H. and others. "Atmospheric Influence on Fatigue 

Crack Growth Mechanisms," Fatigue 84 . 435-443. Warley, 

United Kingdom: Engineering Materials Advisory Services 
LTD., 1984. 

20. Kendall, J. M. and Knott, J. F. "The Influence of 

Microstructure and Temperature on Near-Threshold Fatigue 
Crack Growth in Air and Vacuum," Fatigue 84 . 307-317. 

Warley, United Kingdom: Engineering Materials Advisory 
Services LTD., 1984. 

21. Dias, A. and others. "Influence of Crack Closure on 
Fatigue Crack Propagation and Threshold," Fatigue 87 . 
749-758. Warley, United Kingdom: Engineering Materials 
Advisory Services LTD., 1987. 


75 









22. Ddker> H. and Peters, M. “Fatigue Threshold Dependence on 
Mat.erlal, Environment* and Microst.ruct.ure," Fatigue 84 . 
275-285. Warley, United Kingdom: Engineering Materials 
Advisory Services LTD., 1984. 

23. Doker, H. aund Bachmann, V. "Determination of Crack Opening 

Load by Use of Threshold Behavior," Mechanics of Fatigue 
Crack Closure. ASTM STP 982 . 247-259. Philadelphia; 

American Society for Testing and Materials, 1988. 

24. Macha, D. E. and others. "On the Variation of 
Fatigue-Crack-Opening Load with Measurement Location," 
Experimental Mechanics. 19 : 207-213 (June 1979>. 

25. Ashbaugh, N. "Effects of Load History and Specimen 

Geometry on Fatigue Crack Closure Measurements," Mechanics 
of Fatigue Crack Closure. ASTM STP 982. 186-196. 

Philadelphia: American Society for Testing and Materials, 
1988. 

26. Sharpe, W. D., Jr. and Grandt, Capt A. F., Jr. "A Lasei' 

Interferometric Technique for Crack Surface Displacement 
Measurement," ISA 74230 : 147-154 <:i974>. 

27. Hartman, G. and Nicholas, T. "An Enhanced Laser 
Interferometer for Precise Displacement Measurements," 
Experimental Techniques. 11: 24-26 (February 1987>. 

28. Sharpe, V. N., Jr. "Interferometric Surface Strain 
Measurement," International Journal of Nondestructive 
Testing. 3; 59-76 (1971). 

29. Chesnutt, J. C. and others. "Fatigue Crack Propagation in 

Titanium Alloys," Fatigue 84 . 341-350. Warley, United 

Kingdom: Engineering Materials Advisory Services LTD., 

1984. 

30. Rhodes, G. G. and Paton, N. E. Mechanical Behavior of 
Titanium Alloys. 1 February 1976 - 31 January 1979. 

Contract N00014-76-G-0598. Thousand Oaks CA: Rockwell 
International Science Center, April 1979 (AD-A068810). 

31. Larsen, J. M., Materials Reseau'ch Engineer. Personal 
Interview. Materials Laboratory Air Force Wright 
Aeronautical Laboratories, AFWAL/MLLN, Wright-Patterson 
Air Force Base, OH, 19 October 1988. 

32. Brown, C. W. and Smith, G. G. "The Effect of 
Microstructure and Texture on the Fatigue Crack Growth 
Threshold in T1-6A1-4V," Fatigue Thresholds: Fundamentals 
and Engineering Applications . 329-343. Warley, United 
Kingdom: Engineering Materials Advisory Services LTD., 

1982. 


76 










33. 


Larsen, J. M. and oLhers. “Crack Opening Displacement. 
MeasuremenLs on Small Cracks," FracLure Mechanics: 
Eight.eent.h Symposium. ASTM STP 945 . 896-912. 

Philadelphia: American SocieLy for TesLing and Materials, 
1988. 


Saxena, A. and Hudak, S. J., Jr. "Review and Extension of 
Compliance Information for Common Crack Growth Specimens 
International fournal of Fracture. 14: 453-468 COctober 
1978>. 

Mate Laser Interferometer Technical Reference Manual 
Version 2.10 . Dayton; University of Dayton Reseau'ch 
Institute, Structural Integrity Division, Automated 
Materials Characterization Group. Undated. 

Larsen, J. M. The Effects of Slip Character and Crack 
Closure on the Growth of Small Fatigue Cracks in Titanium 
Alloys . PhD dissertation. Carnegie Mellon University, 
Pittsburgh PA, September 1987. 










Appendix A: Strain Gage Specifications 

A strain sa^e was placed on the center of the back face of 
each specimen used in this study. The specifications of the 
strain gages used are as follows: 

Manufacturer: Measurements Group, Inc. 

Micro-Measurements Division 
Raleigh, North Carolina 

Gage Type; EA-06-250BF-350 

Resistance: 350.0 C ± 0.159£ 

The strain gage amplifier used was also made by the same 
manufacturer. For this study, the filter on the amplifier was 
set on the wide band frequency. An excitation voltage of fiv'e 
volts was used. Lastly, the gain was set on xlOOO. 


78 











crack 


Appendix B: Effective Stress Intensity Plots 

The figures included in this appendix show the 
growth relations for the tests run in this study. Some of 
these plots are located in Chapter IV of this thesis. 


79 










i 


Delta Keff (MPa*nn**.5) 


Figure 29. AK^ff Crack Growth Curves for the ASTM 
Decreasing K and Constant Pmax Tests 
for the Clip Gage at R=0.5 
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Figure 30. AK^ff Crack Growth Curves for the ASTM 
Decreasing K and Constant P^ox Tests 
for the BPS at R=0.5 
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Figure 31. AK^ff Crack Growth Curves for the Constant 
Km«v=6.5 MPa*m**.5 Test 










Appendix G: Loading Histories 

Since there were three techniques used to measure the 

closure load, three load histories for each test are included 

in this appendix. Only two tests, ASTM decreasing K test at 

R ■ 0.1 and constant K « 6.5 MPai^ test, did not have BPS 

max 

data due to the late arrival of the strain gage amplifier. 

Thus, the maximum, minimum, and closure Cmeasured either by the 
clip gage, BPS, or IDG) loads for each test were plotted 
against the number of cycles. 
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Figure 37. Load History for Constant Pmox Test with 
Closure from Clip Gage for R=0.5 













Figure 38. Load History for Constant Pmox Test With 
Closure from BPS for R=0.5 
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Figure 45. Load History for Varying AK Test with Closure from 
Clio Gage for R^O.1 and Kmo»o=10 MPa*m**.5 
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Appendix D; Crack Length Histories 


The figures showing the actual crack length measurements 
plotted against the number of cycles run are included in this 
appendix. The vao^ying AiC tests have a few discontinuities in 
the crack length histories because the specimen was removed 
after each load drop to put a new set of indents at the crack 
tip. 
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Figure 56. Crack Length History for the ASTM Decreasing 
K and Constant Tests with R=0.5 
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Figure 57. Crack Length History for the Constant 
Kmflv — 6.5 MPa*m**.5 Test 
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Figure 58. Crack Length History for the Varying AK Test 
with R=0.1 and K^axo=10 MPa*m**.5 
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Rgure 59. Crack Length History for the Varying AK Test 
with R=0.1 and K„axo=20 MPa*m**.5 
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Figure 61. Crack Length History for the Varying AK Test 
with R=0.5 and K 20 MPa+m’t'+.D 










Appendix E: Crack Orowt>h Rat.es 

The crack growt.h rat.es for each t.est. were plotted against 
the number of cycles run. The figure for the constant K 

max 

test at 7 MPai^ is located in Chapter IV. Lines to connect the 
data points for the varying AK tests so that the sequence of 


loading could be noted. 
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Rgure 62. Crack Growth Rates for the ASTM 
Decreasing K Test with R=0.1 
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Figure 65. Crack Growth Rates for the Varying AK Test 
with R=0.1 and Kmoxo=10 MPa*m**.5 
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re 66. Crack Growth Rates for the Varying AK Test 
with R=0.1 and Kmaxo=20 MPa*m**.5 
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Rgure 67. Crack Growth Rates for the Varying AK Test 
with R=0.5 and Kmaxo=10 MPa*m**.5 
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Figure 68. Crack Growth Rates for the Varying AK Test 
with R=0.5 and Kmaxo=20 MPa*m**.5 
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' The purpose of t.his sfudy was t.o invest«isat.e t.he effect.s 
of loading his'tory and crack closiire on t.he fat^igue t.hreshoid 
propert^ies of addlt.ionally heat. t.reat.ed Ti-6Al-2Sn-4Zr-6Mo. 

The crack closure measurement.s t.aken by a clip gago, strain 
gaga mounted on the back face CBPS>, and laser interferometric 
displacement gaga CIOO> were compared. Also, the effects of 
heat treatment on the fatigue behavior of Ti 6246 were 
discussed. 


Three tests were run using compact test specimens at a 
test frequency of 30 hz. \ Two tests, the ASTM decreasing K and 
varying AK tests, had a constant R, load ratio, throughout the 
test. For the varying AKytest, Kmox was dropped and Kmin was 
increased instantaneous!^after an overload condition. If 
threshold was not reached, the test was repeated with a larger 
KmoM drop after ijMr^verload than before. The third test 
utilized a Jvaf'ying R. For the constant Kmax test, Kmox was 
held copCstant while Kmin was gradually increased. 

^he results from these tests indicated that additionally 
heat treating Ti 6246 did improve its fatigue threshold 
characteristics. -->, 4 ^ 0 , out of the three measurements 
techniques used, the IDG measured the highest closure loads. 
Further, with the constant Kmax test under tensile cyclic 
loading, threshold could v not be reached for R less than 0.5 as 
desired for closure stu<^es. The AKth was found to be 
dependent on R, loading history, and crack closure. The 
AK 9 ff,th, on the other hand, was relatively constant for the 
ASTM decreasing K and constant Kmax tests. However, since the 
threshold data for the varying AK tests did not coincide with 
the other tests, AK«ff,th should not be considered a material 
property until further research involving the effects of 
overloads is conducted. 
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